The CO 2 fixation ability of Rhodopseudomonas palustris DH was enhanced by introducing the recombinant plasmid pMG-CBBM containing the form II ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) gene (cbbM) isolated from Rps. palustris NO. 7. Sequencing of a 3.0-kb PstI fragment containing the cbbM gene revealed an open reading frame encoding 461 amino acids, homologous to known cbbM genes, with a ribosome binding site upstream of cbbM and a terminator downstream of cbbM, without promoter. pMG-CBBM, a Rhodopseudomonas/Escherichia coli shuttle expression plasmid, was derived from the Rhodopseudomonas/E. coli shuttle cloning vector pMG105, by inserting the promoter of the pckA gene and the cbbM gene into its multiple cloning site. Plasmid pMG-CBBM was transformed into Rps. palustris DH by electroporation, and was stably maintained when transformants were grown either photoheterotrophically or photolithoautotrophically in the absence of antibiotics. This is the first report of an expression plasmid containing a Rps. palustris-specific promoter that allows stable expression of a foreign gene in the absence of antibiotic selection. ß
Introduction
CO 2 may serve as the sole source of carbon for a diverse array of microorganisms. There are several pathways that may enable organisms to reduce CO 2 to organic carbon. Chief among these is the Calvin reductive pentose phosphate pathway (Calvin cycle) [1] . The most important enzyme involved in the Calvin cycle is ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO), which catalyzes the ¢rst step in the carbon dioxide assimilatory pathway and photorespiratory pathway in plants, algae, cyanobacteria, and most photosynthetic bacteria [1] . Thus, it is positioned to regulate the £ow of cell carbon through two competing metabolic pathways. In order to increase the ability to ¢x CO 2 in photosynthetic organisms, many experiments on site-directed mutagenesis of RubisCO structural genes have been reported [2] , but so far, no mutant enzyme with higher activity than original RubisCO has been created. However, it was reported [3] that the introduction of the form II RubisCO gene into Rhodobacter sphaeroides caused its RubisCO speci¢c activity to increase under photolithoautotrophic growth.
Rhodopseudomonas palustris, a purple non-sulfur photosynthetic bacterium, was shown to synthesize form I and form II RubisCO [1] . The gene encoding form II RubisCO from Rps. palustris has been identi¢ed on a 3.0-kb PstI fragment using the cbbM gene from Rhodospirillum rubrum as a hybridization probe, and then was cloned into the Rps. palustris/Escherichia coli shuttle plasmid pMPB-2 [4] . In addition, a 15-kb cryptic plasmid (designated pMG101) had been obtained from a natural isolate of Rps. palustris, and the replication region of pMG101 had been localized to a 3.0-kb SalI-XhoI fragment [5] . A pMG101-based Rhodopseudomonas/E. coli shuttle vector, pMG105, has been constructed [5] .
In this study, the 3.0-kb PstI fragment including the cbbM gene encoding form II RubisCO from Rps. palustris was subcloned into pUC19 and sequenced. Based on the result of sequencing, the promoter of the pckA gene [6] was introduced upstream of the cbbM gene by polymerase chain reaction (PCR), then the PCR fragment was cloned into pMG105 to construct a Rhodopseudomonas/E. coli shuttle expression plasmid, pMG-CBBM. The recombi-nant plasmid pMG-CBBM was transformed into Rps. palustris DH to improve its ability to ¢x CO 2 .
Materials and methods

Bacterial strains, plasmids, and growth conditions
All bacterial strains and plasmids used in this work are described in Table 1 . E. coli strains were grown aerobically at 37 ‡C in Luria^Bertani medium [7] . Rps. palustris strains were cultivated aerobically in the dark at 30 ‡C in van Niel's complex medium [8] . For photoheterotrophic growth, cells were cultivated in bottles containing 500 ml of malate-supplemented Ormerod's medium [9] bubbled with argon. For photolithoautotrophic growth, cells were cultivated in batches in 150-ml bottles containing 50 ml minimal medium [10] with a gas mixture of 10% CO 2 and 90% H 2 . Growth in liquid cultures was monitored by measuring OD 660 with a JASCO V560 UV/Vis spectrophotometer. The concentration of CO 2 in the gas phase was examined by gas chromatography. When appropriate, media were supplemented with antibiotics. Final concentrations for E. coli were 50 Wg ml 31 of ampicillin and 50 Wg ml 31 of kanamycin (Km) ; for Rps. palustris strains 200 Wg ml 31 of Km was used.
DNA manipulation
Plasmid DNA for routine restriction enzyme analysis was isolated from E. coli by the alkaline lysis method [11] . Plasmid DNA was isolated from Rps. palustris strains according to the procedure of Tadashi et al. [12] . Digestion of DNA with restriction enzymes and agarose gel electrophoresis was carried out as described by Sambrook et al. [7] . The DNA fragment to be subcloned was cut from the agarose gel and extracted by the PCR fragment recovery kit obtained from Takara (Dalian, PR China). Restriction endonucleases and T4 ligase were obtained from Takara and used according to the manufacturer's instructions. E. coli strains were transformed by the CaCl 2 method [7] . Rps. palustris DH was transformed by electroporation [5] .
Subcloning of the Rps. palustris form II RubisCO gene fragment and sequencing
The Rps. palustris form II RubisCO gene fragment was subcloned from pMPB-2 into pUC19. The pUC19-derived plasmid, pUF, was used for sequencing. DNA sequencing on both strands of DNA was conducted using the ABI Prism BigDye1 Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq DNA Polymerase, FS (Applied Biosystems) and an ABI Prism1 377XL DNA Sequencer.
Construction of a Rhodopseudomonas/E. coli shuttle expression plasmid
In order to introduce the promoter of pckA upstream of the structural gene (cbbM), the following primers were designed.
F-Primer: 5P-CCGCATGC (SphI) TCGCCC (335) CACTGGATCAGGGCGGTATATATT (310) GACG-TTA (+1) CCCGCTTTCAATTCGCGGCGGCC-3P and R-Primer : 5P-CAGGATCC (BamHI) CTGACGTTGA-GATCAACTGA-3P. Plasmid pUF was used as template. The PCR fragment was puri¢ed with the PCR fragment recovery kit obtained from Takara. The PCR fragment was cloned into plasmid pHSG299 for sequencing to ensure the fragment had a correct nucleotide sequence and an open reading frame. Then the fragment was subcloned into Rhodopseudomonas/E. coli shuttle cloning vector pMG105 to form a Rhodopseudomonas/E. coli shuttle expression plasmid, pMG-CBBM.
Stability of pMG-CBBM in Rps. palustris DH
Rps. palustris DH containing pMG-CBBM was ¢rst grown in selective liquid medium (van Niel's medium containing Km). Cells in the late exponential growth phase were diluted 1000-fold in van Niel's medium without the antibiotic and grown at 30 ‡C. At 2-day intervals cultures were diluted 1000-fold. At each dilution step, cell density was measured to estimate the number of generations, and the cells were plated on non-selective plates. From these plates, 100 colonies each were transferred to selective and non-selective plates to determine the frequency of plasmid loss based on the percentage of Km-sensitive colonies. That the resistance was due to the present of pMG-CBBM was veri¢ed by re-isolation of plasmid DNA from eight of these colonies. The plasmids obtained in this way were subjected to restriction analysis and compared to the original pMG-CBBM plasmid.
Preparation of cell extracts
All extracts for crude enzyme from Rps. palustris cells grown photoheterotrophically or photolithoautotrophically were prepared according the procedure of Tabita et al. [9] . RubisCO speci¢c activity was measured by the spectrophotometric method [13] . Protein concentration was determined by a modi¢cation of the Lowry protein assay [14] , using bovine serum albumin as the standard.
Nucleotide sequence accession number
The Rps. palustris cbbM gene sequence has been deposited in GenBank under accession number AY155466.
Results and discussion
Subcloning of the Rps. palustris form II RubisCO gene fragment and sequencing
Plasmid pMPB-2 was isolated by the alkaline lysis method. Following PstI digestion of pMPB-2 DNA and pUC19 DNA, ligation was performed by T4 DNA ligase, yielding the reconstructed plasmid pUF. The pUC19-derived plasmid pUF was used as template for sequencing; the universal primers M13-47 and RV-M were used at ¢rst, and then the primer walking strategy was used to complete the rest of the sequence. Sequencing of the 3.0-kb PstI fragment revealed an open reading frame encoding the Rps. palustris form II RubisCO with high identity to previously sequenced cbbM genes [15, 16] . The cbbM gene starts with ATG at position 425 and is preceded by a putative ribosome binding site (RBS), AGGA, at position 311 to 37. The gene extends 1386 bp to a TAA stop codon at position 1808. A 10-bp GC-rich stem-loop structure located near a polyT sequence was discovered 24 bp downstream of the TAA termination codon and may function as a transcription terminator (see GenBank number AY155466).
Comparison of the deduced amino acid sequence of the Rps. palustris form II RubisCO with those of other known RubisCOs shows that all of the putative functional regions are conserved (Fig. 1) . Amino acid identity with other form II RubisCOs ranges from a high of 90% with Rhodobacter capsulatus [17] to a low of 76% with Hydrogenovibrio marinus [18] .
Construction of a Rhodopseudomonas/E. coli shuttle expression plasmid
Sequencing of the above form II RubisCO fragment revealed an open reading frame (cbbM) with a RBS and a terminator, but no promoter was checked. The pckA gene, encoding the gluconeogenic enzyme phosphoenolpyruvate carboxykinase, included in a 2.5-kb chromosomal SmaI-PstI fragment from Rps. palustris No. 7, was found by Inui et al. [6] . Primer extension analysis identi¢ed a promoter, which was similar to c 70 promoters, upstream of the pckA initiation codon. In order to express form II RubisCO in Rps. palustris DH, the promoter of the pckA gene was introduced upstream of the cbbM gene by PCR. Following SphI/BamHI digestion of the PCR product and the Rhodopseudomonas/E. coli shuttle cloning vector pMG105 containing the Rps. palustris origin (pMG101), ligation was performed by T4 DNA ligase, yielding a Rhodopseudomonas/E. coli shuttle expression plasmid, pMG-CBBM (Fig. 2) . 
Construction of a genetically engineered microorganism (GEM) for CO 2 ¢xation
The above recombinant plasmid was ¢rst transformed into E. coli JM109 by the CaCl 2 method, and isolation of plasmid from transformants followed by restriction analysis ensured correctness of pMG-CBBM. Then pMG-CBBM was transformed into the recipient strain, Rps. palustris DH, by electroporation. Transformants were resistant up to 200 Wg ml 31 Km, whereas the parent strain was found to be sensitive to 3 Wg ml 31 Km. Spontaneous Km r colonies were not observed during control experiments. Re-isolation of plasmid from transformants followed by restriction analysis con¢rmed that antibiotic resistance was due to the presence of pMG-CBBM.
In order to determine the stability of pMG-CBBM in the above GEM grown either photoheterotrophically or photolithoautotrophically, cells were grown for 200 generations in the absence of antibiotic. Over 80% of the colony-forming units present retained antibiotic resistance after 200 generations. Re-isolated plasmid was transferred into E. coli JM109, and the transformants were also resistant to Km, showing that activity of this plasmid was not altered after replication in a Rps. palustris host.
3.4.
Comparison of growth and the CO 2 ¢xation ability of the GEM with Rps. palustris DH wild-type (WT) strain
To study the expression of the cbbM gene by the promoter of the pckA gene in Rps. palustris DH, we compared growth of the GEM with that of Rps. palustris DH (WT) under photoheterotrophic and photolithoautotrophic conditions, and the RubisCO speci¢c activities of crude enzymes from the GEM strain and the parental strain were determined (Table 2 ). When cultured under photosynthetic (anaerobic) conditions, the GEM was able to grow under photoheterotrophic and photolithoautotrophic conditions, but there was a di¡erence between the GEM and its parental strain Rps. palustris DH. Upon photoheterotrophic growth on malate, Rps. palustris wild-type strain DH had a generation time of 10 h compared with 15 h for the GEM, but their RubisCO speci¢c activities were similar. Upon photolithoautotrophic growth in batch with 10% CO 2 in H 2 , the GEM grew faster than Rps. palustris DH, and the RubisCO speci¢c activity was increased in the GEM cells (Table 2) . Thus, it can be concluded that the cbbM gene was expressed in Rps. palustris DH under photolithoautotrophic but not under photoheterotrophic growth conditions. It has been reported that when purple non-sulfur photosynthetic bacteria Rba. capsulatus and Rps. sphaeroides are grown under photosynthetic conditions, form I RubisCO was preferentially synthesized at low levels of CO 2 , and the form II enzyme was expressed only at high CO 2 concentrations [19, 20] , which may explain why the form II RubisCO gene (cbbM) was not expressed in Rps. palustris DH under photoheterotrophic growth conditions. Therefore, it is possible to activate form II RubisCO by modulating growth conditions. In order to compare the CO 2 ¢xation ability of the GEM with Rps. palustris DH, both strains were cultured under photolithoautotrophic growth conditions in batch with 10% CO 2 in H 2 . Typical courses of cell growth (biomass) and CO 2 ¢xation of the GEM and Rps. palustris DH are shown in Fig. 3 . It can be seen that the GEM grew and ¢xed CO 2 faster than R. palustris DH at the initial CO 2 concentration of 10% in H 2 . In addition, the course of cell growth of the GEM and Rps. palustris DH at di¡erent initial CO 2 concentrations from 5% to 20% was investigated (data not shown), and then K m (CO 2 ) values of the GEM and Rps. palustris DH were calculated ( Table 2 ). Since form I and form II RubisCO show di¡er-ent kinetics with respect to CO 2 concentration, there was a di¡erence between Rps. palustris DH (WT) and the transformant (GEM) with respect to K m (CO 2 ) ( Table 2 ).
